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a b s t r a c t
A novel microporous activated carbon fiber was prepared through thermal stabilization and chemi-
cal activation of acrylic fibers. BET, FESEM, and FTIR analysis were used to study different character-
istics of the obtained adsorbent. Also, the iodine number, pH at point zero charge, and the mechan-
ical properties of the samples were presented. The potential of this new adsorbent for removal of 
methylene blue (MB) from aqueous solution was studied in the batch experiments and the influence 
of main operating parameters including pH, initial dye concentration and adsorption time was 
studied. Relatively complete removal (about 95%) of MB dye was achieved at the pH of 12 and ini-
tial dye concentration of 100 mg/L. Moreover, it was revealed that the experimental data could be 
expressed well by the Langmuir and pseudo-second-order model, such that the maximum amount 
of monolayer adsorption was about 324.83 mg/g. The spontaneous and endothermic nature of the 
adsorption process was proved by thermodynamic parameters. This research revealed that, along 
with the pore filling mechanism, as the significant mechanism, the adsorption may have occurred via 
hydrogen bonding, n–π, π–π, and electrostatic interaction. Moreover, the desorption characteristics 
of the adsorbent were studied and about 86% desorption was achieved after three cycles. According 
to the results, the mechanical properties and adsorption/desorption capacity of this novel fabricated 
activated carbon fiber are relatively better than other adsorbents.
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1. Introduction

In recent decades, treating wastewater to remove inor-
ganic and organic contaminants has received much atten-
tion. Among the organic pollutants, the dyes have a large 
impact on contamination [1–3]. Methylene blue (MB), as 
one of the most famous basic dyes, can have many destruc-
tive effects on the health of human, therefore, it should be 
eliminated as much as possible [4]. 

There are different methods used to treat wastewater 
containing MB dyes; these include biological [5], chemical 
[6], and physical methods [7]. Among these methods, the 

physical adsorption by activated carbon, as a well-known 
adsorbent, can be very successful in removing pollutants 
[8–11]. Despite this, the fibrous forms of activated carbon, 
as compared with the conventional granular and powdered 
activated ones, have an enormous surface area, rapid adsorp-
tion/desorption rate and particular pore structures; as well, 
their ease of regeneration should be noted [12]. Activated 
carbon fibers (ACFs) are produced by physical and chemi-
cal activation process methods from the various types of 
synthetic [13–17] and natural fiber [18–21] precursors at tem-
peratures generally higher than 500°C. Among these fibers, 
the acrylic fibers precursor is one of the most widely used 



289A. Rabbi et al. / Desalination and Water Treatment 179 (2020) 288–301

materials because of its high carbon yield and relatively low 
price [12,22]. 

The adsorption features of MB on the activated carbon 
have been already well studied for a large number of puri-
fication and separation purposes [8,23–25]. Nevertheless, 
there are not many researches using the ACFs for this pur-
pose. In Table 1, previous studies on the production methods 
and properties of ACFs have been reported.

In addition to the advantages mentioned for ACFs, they 
are expensive due to weight loss that they undergo during 
the activation process. As mentioned above, ACFs have a 
high adsorption/desorption rate and thus have a good recy-
cling ability and can be used repeatedly and thus become 
more economical. But the low strength of these ACFs leads 
to its fragmentation and destruction during fluid passage 
and itself becomes a secondary source of pollutants. So, it 
is very important to find proper precursor fibers and suit-
able synthesis methods that can balance ACFs adsorp-
tion and mechanical properties [12]. Therefore, this study 
focused on the novel high adsorption/mechanical proper-
ties of acrylic-based activated carbon fibers (AACFs) which 
were fabricated chemically by KOH. The performance of 
this novel adsorbent was investigated to MB removal from 
aqueous solutions. The effects of main operating parame-
ters including solution pH, temperature, and the initial dye 
concentration were investigated. Moreover, the equilibrium, 
kinetics, and thermodynamics of the adsorption process 
were studied. The possible mechanisms of MB adsorption 
on AACFs were also thoroughly studied.

2. Materials and methods

2.1. Fabrication of ACFs

The commercial acrylic fibers were purchased from 
Zhongfu Shenying carbon fiber Co. Ltd., China. AACFs were 
prepared by stabilizing the acrylic fibers in a stabilization 
oven under the air atmosphere at the temperature of 247°C 
for 140 min; after that, impregnation was done in 1.5 M 
KOH (purchased from Merck, Germany) aqueous solution 
bath with dwelling times about 30 min at 50°C; subsequently, 
they were activated in a furnace at the temperature of 800°C 
under 1% imposed stretch. In the activation stage, the tem-
perature was enhanced progressively from 350°C to 800°C. 
At the end of the process, specimens were washed several 
times with HCl (5% w/w) and distilled water to eliminate 
the remaining KOH. These conditions produce an adsorbent 
with high adsorption/mechanical properties. Details of the 
effect of stabilization and activation parameters that led to 
the production of these new fibers with appropriate adsorp-
tion and mechanical properties were given in our previous 
paper [46]. The yield of the produced AACFs was estimated 
by considering the weight of the primary material and the 
weight of the produced AACFs. 

2.2. Characterization of the obtained AACFs

Determination of the surface area and the distribution 
of pore diameter of the AACFs were done according to N2 
adsorption/desorption isotherms at 77 K using the Belsorp 
mini apparatus. The specimen had been outgassed about 

8 h at 300°C before measurement. The apparent surface area 
was obtained with the BET model; then the pore size distri-
bution was estimated based on the BJH method. Moreover, 
based on the amount of the N2 that was adsorbed at the 
relative pressure (p/po) of ~0.98, the total pore volume was 
determined. The morphology of the AACFs was studied via 
field emission scanning electron microscopy (FESEM, Zeiss, 
Sigma VP, Germany).

In addition, the iodine number, which was described 
according to the amount of iodine adsorbed onto 1 g of 
AACFs, was estimated using the ASTM D 4607. It could be 
characteristic of the AACFs adsorption capacity along with 
their porosity [47]. 

Fourier transform infrared (FTIR, PerkinElmer Spec-
trum-65, with KBr pellet, Japan) spectroscopy was then 
employed to address the chemical structure of the specimen.

According to the BS ISO 11566 standard test method 
with a tensile-testing device, mechanical properties of the 
AACFs were calculated.

The pH at point zero charge (pHPZC) was determined by 
salt addition method [48]. A solution of 0.01 M NaCl was 
used as the background electrolyte. 50 mL of this solution 
were apportioned into 11 flasks and the pH was maintained 
at 2, 3, 4, 5, 6, 7, 8, 9, 10, 11 and 12 by using 0.1 M NaOH 
or 0.1 M HCl solution where appropriate. Then, 0.2 g sam-
ple was added into all the flasks and agitated on a magnetic 
stirrer for 12 h at 25°C and the final pH values were recorded. 
pHPZC value was identified at the pH when initial pH equals 
to the final pH.

2.3. Batch equilibrium studies

Adsorption experiments were performed as follows: 
0.1 g of the AACFs were added into 150 mL Erlenmeyer 
flasks comprising 100 mL of dye solutions with various ini-
tial concentrations (50–400 mg/L). To reaching the equilib-
rium, the solutions were automatically stirred by employing 
a magnetic stirrer at 140 rpm for 300 min. The MB solution 
natural pH, namely 6, was selected to perform the equilib-
rium experiments. MB (Mw = 319 g/mol), as an adsorbate, 
provided by Merck. The dye concentrations, before adsorp-
tion and after equilibrium were measured at the maximum 
wavelength of 618 nm by means of a double beam UV/vis 
spectrophotometer (Shimadzu, Model UV 1601, Japan).

Various concentrations of dye solutions (i.e., 50, 100, 200, 
300 and 400 mg/L) and time intervals (i.e., 10 to 300 min) were 
used to investigate the influence of the initial MB concen-
tration on the AACFs adsorption. The adsorption capacity at 
equilibrium, qe (mg/g), was calculated by Eq. (1).

q
C C V
We

e=
−( )0  (1)

In this equation, C0 (mg/L) and Ce (mg/L) were the 
concentrations of MB at the initial and equilibrium time. 
In addition, V and W were the solution volume (L) and 
the AACFs dry mass (g), respectively.

Moreover, to explore the impact of the solution pH, a 
series of 100 mg/L MB solutions in different initial pH values 
from 2 to 12 were prepared by adding either HCl or NaOH; 
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subsequently, the percentage removal of MB was estimated 
from Eq. (2).

Dye Removal =
−

×
C C
C

e0

0

100  (2)

2.4. Adsorption isotherm

Adsorption isotherm models show how solutes can 
interact with the adsorbent. Four isotherm models, namely, 
Langmuir, Freundlich, Temkin and Dubinin–Radushkevich 
isotherms, were considered to check their capability in the 
description of the experimental data. Moreover, normalized 
standard deviation, (Δqe)%, which was determined by Eq. (3), 
and correlation coefficient (R2) was utilized to estimate the 
validity of isotherm models.

∆q

q q
q

Ne

e e

e
%

,exp ,

,exp

( ) =

−( )













−
×

∑ cal

2

1
100  (3)

In this equation, the experimental and calculated values 
of MB adsorption were indicated by qe,exp (mg/g) and qe,cal 
(mg/g), respectively. Smaller (Δqe) denotes that the model 
results can be compared with the experimental values.

2.5. Kinetic studies

Adsorption kinetics could serve as the measure of the 
adsorption uptake in terms of time. It is applied to mea-
sure the diffusion of adsorbate in the pores. In the study of 
adsorption, evaluation of the kinetic aspects should be done 
to further understand its mechanisms, features, and poten-
tials of application. In order to define the residence time 
and to obtain the desired concentration of the adsorbate, 
kinetic data should be estimated, thereby helping to decide 
on the operation and design of adsorption apparatus [49]. 
The kinetic experiments were performed so that, sampling 
was done at specific time intervals and the dye concentration 
was determined. By using Eq. (4), qt (mg/g), the amount of 
adsorption at time t, was determined.

q
C C V
Wt

t=
−( )0  (4)

In this equation, Ct (mg/L) was the obtained concentra-
tion of MB at certain time. In this section, the pseudo-first-or-
der kinetic model and pseudo-second-order kinetic model 
were employed to probe the adsorption kinetics. 

2.6. Thermodynamic study

For the evaluation of the thermodynamics of the 
adsorption process, ∆H°, ∆S° and ∆G° were estimated as 
the three basic thermodynamic parameters, which, respec-
tively, repre sented the standard enthalpy, standard entropy 
and standard free energy. In order to calculate the thermo-
dynamic parameters, the equilibrium experiments were 
performed for 200 mg/L MB solution at 30°C, 40°C and 50°C.

2.7. Regeneration of the spent AACFs

For regeneration study, 0.1 g of adsorbent were contacted 
with 50 mg/L MB solution for 1 h using a magnetic stirrer. 
After equilibration, the MB concentration was determined. 
Then, the MB-loaded AACFs were agitated with the HCl 
(0.1 M) for 1 h. The amount of MB desorbed (% desorption) 
in each case was calculated by using Eq. (5).

Desorption des

ads

%( ) = ×
C
C

100  (5)

where Cdes and Cads (mg/L) represent the concentration of 
dye in desorbed and adsorbed phases, respectively. After 
each treatment, the adsorbent material was separated from 
the dye solution and washed with distilled water. The pro-
cess was repeated for three cycles and desorption percentage 
was reported.

3. Results and discussion

3.1. Microstructural investigation of the produced ACFs

Figs. 1a and b display the surface morphology of the 
prepared AACFs. As it can be seen, the fibrous form of sam-
ples was entirely preserved. However, a certain amount of 
defects and flaws that were caused by activation have been 
observed. These defects actually shape the adsorption areas. 
Moreover, The FESEM photograph in Fig. 1b, demonstrated 
the wrinkles and a cracked morphology of the sample with 
some extended pores positioned randomly on the AACFs.

The characteristics of the fabricated AACFs including 
the specific surface area, total micropore volume, and the 
mesopore volume were presented in the previous work [46]. 
As it is shown in Table 2, The surface area of 561 m2/g, Vmicro 
of 0.2512 cm3 g–1, and Vmeso of 0.0542 cm3 g–1 revealed that the 
obtained AACFs had formed a porous structure in a well 
shape, based on the BET analysis. In addition, it could be con-
cluded from the BJH method that most of the pore sizes were 
in a range varying from 1.2 to 4.6 nm. Moreover, the average 
diameter of the pores was 2.736 nm. So, the AACFs included 
suitable regions for the adsorption of MB molecules. With 
the penetration of the KOH activating agent into the fiber 
structure during the impregnation and activation stage, the 
redox reactions took place in the fiber structure, which led 
to the formation of a porous structure. In this way, the KOH 
is reduced to metallic potassium and the carbon atoms in 
the fiber were oxidized to carbon monoxide and/or carbon 
dioxide. With the release of these gases from the surface of 
the sample, as well as severe metallic potassium outflow 
through the graphene layers, porosity was formed in the 
fibers [12]. 

As can be observed in Table 2, the tensile strength of the 
obtained AACFs was 431 MPa, which was adequate for man-
ufacturing them in different shapes such as fabric, felt, etc. 
[50]. According to this data, the Young’s modulus of these 
fibers was also high (51 GPa). The fiber modulus is directly 
related to the crystalline structure of the fibers and, unlike 
tensile strength, is less affected by structural defects [51]. 
Considering that the graphitic crystal structure was formed 
in the AACFs, these fibers had a relatively high modulus. 
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Furthermore, the high iodine number of 874 mg/g indi-
cated high adsorption capacity in the manufactured AACFs. 
Additionally, the high carbon yield value of 53% for the pro-
duced AACF could be more likely owing to the high carbon 
content of the acrylic precursor fibers [15]. Therefore, it can 
be concluded that the fabricated AACFs with an appropri-
ate pore structure, proper tensile strength, high carbon yield 
and also high iodine adsorption can be applied effectively in 
the adsorption process. 

In addition, the chemical structure of the produced 
AACFs is represented using the FTIR spectrum, as can be 
seen in Fig. 2. The peaks at 2,851 and 2,920 cm–1, respectively, 
showed symmetric and asymmetric CH bonds [52]. An 
almost wide absorption peak at 3,436 cm–1 could be related 
to the bond stretching of the functional group of OH in the 
AACFs sample. Moreover, the absorption peak at 1,560 cm–1 
was referred to the stretching mode of the aromatic ring [52]. 
So it could be regarded as an indicator of the development 
of aromatic structures in the graphite network which was 
shaped in the AACFs structure.

3.2. Effect of the solution pH

The influence of a pH range of 2–12 on the MB removal 
by the AACFs can be seen in Fig. 3. The solution pH 
serves as a significant parameter in the adsorbent surface 

chemistry [23]. Therefore, the amount of MB adsorption onto 
the AACFs surface could be affected through the pH of the 
solution. As shown in Fig. 3, by enhancing the value of pH, 
the MB removal percentage was improved, reaching a max-
imum of 95% at the pH of 12. In order to evaluate the effect 
of pH on the percentage of dye removal, the pHPZC should be 
considered. The pHPZC for the produced ACFs was measured 
approximately 4.3. In the acidic condition (pH < pHPZC), 
there were more protons (H+) in the solution. Due to com-
petition between created H+ and cationic MB molecules to 
adsorb into adsorbent sites, MB adsorption decreased. On 
the other hand, by enhancing the solution pH, the amount 
of negative sites on the surface of the AACFs increased, and 
as a consequence of electrostatic attraction, more MB cations 
were adsorbed. Similar results have been founded regard-
ing the effects of pH on the MB adsorption by the cotton 
waste-based activated carbon [19] and activated carbons 
that had been obtained from the jute fiber [53].

3.3. Effect of the initial MB concentration

As can be seen in Fig. 4, the adsorbed MB onto AACFs 
was raised from 46.36 to 286.09 mg/g when the concentration 
of MB was enhanced from 50 to 400 mg/L. It can be attributed 
to the rise in the driving force generated by the concentration 

Fig. 1. FESEM photographs of the prepared AACF with various magnifications; (a) 1,000×, (b) 20,000×.

Table 2
Characteristics of the produced AACFs

Specific surface area, SBET 561 m2/g
V (mesopore) 0.0542 cm3/g
V (micropore) 0.2512 cm3/g
Average pore diameter 2.736 nm
Tensile strength 431 Mpa
Young’s modulus 51 Gpa
Elongation 0.84%
Iodine adsorption 874 mg/g
Carbon yield 53%

Fig. 2. FTIR spectrum of the produced sample.
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gradient, which, in turn, was due to the enhanced initial dye 
concentration [54]. As it was expected, the equilibrium of 
adsorption was obtained more quickly at the lower concen-
trations, as compared with the higher ones. The process of 
adsorption in the porous structure of AACFs involves some 
successive mass transfer steps which are gradual and take a 
relatively long time. So, AACFs could be efficient in adsorb-
ing MBs from the aqueous solution and the process may get 
the equilibrium in a gradual manner, particularly in the case 
of higher initial dye concentrations.

3.4. Adsorption isotherms

To determine the adsorption isotherms of the MB dye on 
the AACFs, qe against Ce was plotted and represented in Fig. 5. 
It could contribute to describing how dyes have interaction 
with ACFs, well as being essential in improving the usage of 
the adsorbents [23]. Therefore, four well-known isotherms 
including Langmuir, Freundlich, Temkin and Dubinin–
Radushkevich (D–R) were employed to investigate the 
adsorption isotherms; these are explained in details below.

3.4.1. Langmuir isotherm

The linear form of the Langmuir isotherm model, 
which assumes that adsorption occurs on the surface of the 
adsorbent as a monolayer, is represented by Eq. (6) [55]. 

C
q K q q

Ce

e L m m
e= +

1 1  (6)

In this equation, Langmuir constants, that is, qm and KL, 
were the monolayer adsorption capacity and affinity of AACFs 
to MB, respectively. The KL and qm were estimated based on 
this isotherm and their values were displayed in Table 3. 
Verification of the experimental data into the Langmuir iso-
therm model can be seen in Fig. 5. It showed that MB molecules 
formed a monolayer coating on the surface of AACFs, which 
was the consequence of the AACFs surface homogeneity.

Moreover, the basic features of the Langmuir isotherm 
were obtained using equilibrium parameter of RL [56], which 
was dimensionless and calculated via Eq. (7).

R
K CL
L

=
+
1

1 0

 (7)

The calculated RL values are displayed in Fig. 6. 
Considering the amount of RL, it is possible to determine 
the isotherm type, which is unfavorable for RL > 1, linear for 
RL = 1, desirable for 0 < RL < 1 and is irreversible for RL = 0. 
In this case, the RL values were obtained in a range of 0.050–
0.298, thereby confirming that the AACFs could be favorable 
for the MB dyes adsorption in the situations employed in 
this research.

3.4.2. Freundlich isotherm

The Freundlich isotherm, which deals with heteroge-
neous surfaces, shows that the adsorption is raised with the 
rise of concentration. The logarithmic form of Freundlich 
model [57] is represented in Eq. (8).

log log logq K
n

Ce F e( ) = ( ) + ( )1  (8)

In this equation, KF (mg1–c Lc/g, where c = 1/n) and 1/n 
were Freundlich constants, and were defined as adsorption 
capacity of the adsorbent and factor of heterogeneity, respec-
tively. These constants were estimated from the plot of log qe 
against log Ce, as tabulated in Table 3. The weak curve fitting 
in the diagram of qe vs. Ce (Fig. 5) shows that the conditions 
of the Freundlich model were not satisfied. Moreover, as 
observed in Table 3, the value of 0.538 for 1/n, which was 
less than one, indicated a regular Langmuir isotherm with a 
favorable adsorption [58].

3.4.3. Temkin isotherm

This isotherm assumes that the adsorption heat of whole 
molecules is decreased in linear form with the rise in cover-
age of the adsorbent surface; also, the adsorption is based on 
the uniform distribution of binding energies. The linear form 
of the Temkin isotherm model is presented in Eq. (9) [59].

q RT
b

K RT
b

Ce
T

T
T

e= +ln ln  (9)

Fig. 3. Effect of initial solution pH on the adsorption of MB on 
the AACFs.

Fig. 4. Variation of adsorption capacity with adsorption time at 
various initial MB concentrations at 30°C and pH 6.
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where KT and RT/bT were the equilibrium binding constant 
and the parameter represented to the adsorption heat, respec-
tively. The Temkin isotherm and the associated parameters 
can be observed in Fig. 5 and Table 3.

3.4.4. Dubinin–Radushkevich isotherm

The Dubinin–Radushkevich (D–R) isotherm assumes 
that the adsorbent size is equivalent to the micropore dimen-
sion. It could provide information regarding the physical or 
chemical nature of adsorption processes. The D–R model [60] 
linear form is denoted by Eq. (10).

ln lnq qe s= −βε2  (10)

In this equation, qe was the amount of MB adsorbed 
onto AACFs (mg/g) and, qs was the maximum adsorption 
capacity (mg/g). The related parameters for the D–R model 
could yield by plotting ln qe vs. ε2, as presented in Table 3. 
Moreover, the adsorption potential (ε) could be estimated by 
employing Eq. (11).

ε = +








RT

Ce
ln 1 1  (11)

The mean sorption free energy E (kJ/mol) could be 
yielded by employing Eq. (12) with the constant β (mol2/J2).

E =
( )















1

2
0 5

β
.  (12)

In fact, the chemical or physical nature of the adsorp-
tion process was determined by the free energy (E). E values 
of 0.353 kJ/mol (a lesser amount of 8 kJ/mol) indicated that 
the physical adsorption was the process which was domi-
nated in the adsorption of MB on AACFs.

According to the proposed isotherms in Fig. 5 and their 
related parameters in Table 3, it can be concluded that the 
MB adsorption by AACFs could be better described through 
the Langmuir model, since it provided the maximum value 
of R2 (0.996) and the minimum value of Δqe (3.078%), among 
the isotherm models examined in this study. Consequently, 
the mechanism of adsorption was homogeneous and mono-
layer, such that the maximum capacity of monolayer adsorp-
tion was 324.83 mg/g. The values of R2 for the Temkin model 
were also relatively high, but its Δqe values were higher 
than those estimated by the Langmuir model.

3.5. Comparison of ACF adsorbents for MB absorption

A large number of previous studies have come up with 
similar results, showing that the adsorption process of basic 
dye on the activated carbon was according to the Langmuir 
isotherm model [19,53,56]. Table 4 shows the comparison of 
the adsorption capacity of the ACFs to eliminate MB from 

Table 3
Langmuir, Freundlich, Temkin and D–R isotherm model 
parameters

Langmuir isotherm

qm (mg/g) 324.83
KL (L/mg) 0.047
RL 0.050
R2 0.996
∆qe 3.078

Freundlich isotherm

1/n 0.538
Kf (mg1–c Lc/g) 27.714
R2 0.935
∆qe 8.069

Temkin isotherm

KT (L/mg) 1.054
RT/bT 74.116
R2 0.983
∆qe 38.627

D–R isotherm

qs (mg/g) 211.981
E (kJ/mol) 0.353
R2 0.834
∆qe 28.069

Fig. 5. Fit of different isotherms for MB adsorption on AACFs 
at 30°C and pH 6: the Langmuir, Freundlich, Temkin and D–R.

Fig. 6. Equilibrium parameter (RL) for MB adsorption on AACFs.
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aqueous solutions along with their operational conditions. 
As can be seen, the capacity of MB adsorption onto AACFs 
in this research (324.83 mg/g) was partly high in comparison 
with former adsorbents.

3.6. Adsorption kinetic models

To study the adsorption kinetics of the MB onto AACFs, 
two kinetic models of pseudo-first-order and pseudo- 
second-order were utilized. The pseudo-first-order model 
can be depicted via Eq. (13)[49].

ln lnq q q k te t e−( ) = − 1  (13)

In this equation, k1 is referred to the adsorption rate con-
stant (min−1). As shown in Eq. (13), the slope of the graph 
of ln (qe−qt) vs. t, represented the value of k1. This graph is 
presented in Fig. 7a. Moreover, the model parameters can be 
seen in Table 5. 

In addition, the linear form of the pseudo-second-order 
adsorption model [49] can be expressed by Eq. (14).

t
q k q q

t
t e e

= +
1 1

2
2  (14)

In this equation, k2 (g mg–1 min) is referred to the con-
stant of adsorption rate in this model. With respect to the 

slope and the intercept of the plots of t/qt vs. t in Fig. 7b, 
the values of qe and k2 can be realized. As can be observed, 
a very good linear relationship was found in the plots. 
Moreover, the pseudo-second-order kinetic model param-
eters are tabulated in Table 5. Therefore, from Fig. 7b and 
Table 5, due to having relatively higher R2 values, it can be 
concluded that the pseudo-second-order kinetic model, 
which proposed the chemical nature of the adsorption pro-
cess, could match well over the entire range of discussed 
concentrations, thereby it could better characterize the 
adsorption kinetics [49].

3.7. Adsorption thermodynamics

It is known that in solid–liquid adsorption systems, from 
the changes occurring in the thermodynamic parameters 
including standard Gibbs free energy (ΔG°), enthalpy (ΔH°) 
and entropy (ΔS°), we could confirm whether the adsorption 
is spontaneous, favorable, exothermic or endothermic [1]. To 
calculate the values of thermodynamic parameters, the Van’t 
Hoff equation was applied, as shown below:

ln k G
RT

S
R

H
RTd =

− °
=

°
−

°∆ ∆ ∆  (15)

R and T are the universal gas constant and the absolute 
temperature. kd referred to the coefficient of distribution; 
kd was obtained by the following equation:

Table 4
Maximum adsorption capacity of some activated carbon fibers along with their operational conditions to eliminate MB from aqueous 
solutions

Adsorbent pH Temperature (°C) Initial concentration qm (mg/g) References
AACFs 6 30 50–400 mg/L 324.83 This work
Modified pitch-based ACFs n.a. 27 5 × 10–6 mol/L 295 [39]
Activated carbon fiber n.a. 27 50–100 mg/L 99.30 [61]
Jute fiber activated carbon 6 28 50–200 mg/L 225.64 [53]
Vegetal fiber activated carbons 6 30 20–100 mg/L 40 [62]
Resin-coated glass fiber–based ACF n.a. 25 400 mg/L 45 [30]
Cotton-based ACF 7 RT 200–800 mg/L 597 [36]
Oil palm fiber activated carbon 6.5 30 50–500 mg/L 277.78 [63]
Piassava fibers activated carbon n.a. 25 Up to 1,000 mg/L 276.40 [64]
Cotton-based activated carbon fibers 2–12 35 100–500 mg/L 476.19 [65]

Fig. 7. Kinetics for adsorption of MB adsorption by AACFs at 30°C: (a) pseudo-first-order, (b) pseudo-second-order.



A. Rabbi et al. / Desalination and Water Treatment 179 (2020) 288–301298

k
q
Cd
e

e

=  (16)

Considering Fig. 8 and Eq. (15), it can be concluded that 
the slope of the graph of ln kd vs. 1/T determines ΔH° and 
its intercept defines ΔS°. It should be noted that, the equi-
librium experiments were carried out at various tempera-
tures for 200 mg/L MB solution. Table 6 shows the attained 
thermodynamic parameters.

The obtained negative ΔG° values revealed that the 
adsorption process was favorable and spontaneous; as well, 
by raising the temperature, the amount of the reaction spon-
taneity was increased. Moreover, the positive value of ΔS° 
was probably due to the enhanced mobility or excitement 
of MB at the interface of AACFs during the adsorption. In 
addition, the positive value of ΔH° implied the endothermic 
adsorption process.

3.8. Proposed adsorption mechanisms

As AACFs were porous materials with a large specific 
surface area, they can well adsorb MB molecules into their 
pores. Due to the low heat of adsorption (26.57 kJ/mol) and 

the low mean free energy, E (0.353 kJ/mol), it can be con-
cluded that the most of adsorption could be expected to 
be physisorption. The pore filling mechanism was known 
as the main mechanism of the MB adsorption on AACFs. 
There are four possible interactions, as shown in Fig. 9. As 
can be observed in Fig. 9a, the hydroxyl group (H-donor) 
on AACFs can have bonds with nitrogen in MB (nitrogen is 
the H-acceptor atom). In addition, it is known that they can 
bond the aromatic rings in MB. The presence of the hydroxyl 
group on the AACFs surface has already been substantiated 
in the FTIR spectrum (Fig. 2). So hydrogen bonding could 
occur between MB and AACFs. This has also been reported 
for methyl orange and activated carbon [66].

Apart from the hydrogen bond, n–π interaction can also 
occur between O–H bonds or oxygen bonds on AACFs and 
the aromatic ring in MB, as can be seen in Fig. 9b. In these 
interactions, oxygen groups on the AACFs surface can serve 
as electron donors, whereas the aromatic rings of MB can 
behave as electron acceptors. The n–π interaction between 
the C–O group and the dye aromatic ring has been shown 
by Tran et al. [67].

Further, it was shown that there was π–π interaction 
between electrons of π (donor) in MB and electrons of π 
(acceptor) in AACFs, as can be seen in Fig. 9c. A large num-
ber of researches have also expressed similar interaction; 
they have described that what could occur between the dye 
and activated carbon is owing to the high amount of the aro-
matic ring in MB and activated carbons [67,68]. The aromatic 
rings in AACFs were identified via FTIR at 1,560 cm–1 (as can 
be seen in Fig. 2); so, the π–π interaction maybe occurred 
between MB and AACFs.

Eventually, the electrostatic interaction between MB and 
AACFs could contribute to the adsorption process. A special 
property of acrylic-based ACF is that it has nitrogen in its 
final structure [69]. So, it could serve as an adsorbent. As can 
be seen in Fig. 9d, the electronegative N-atom in the struc-
ture of AACFs could well electrostatically attract the positive 
cationic MB dye. The surface negative charge of the AACFs 
was owing to the presence of nitrogen-containing heteroatom 

Fig. 8. Plot of ln Kd vs. 1/T (various temperatures).

Table 5
Constants and regression coefficients for kinetic models of MB adsorption on AACFs

Initial MB 
concentration (mg/L)

qe,exp  
(mg/L)

Pseudo-first order parameters Pseudo-second order parameters

qe, cal (mg/L) k1 (min−1) R2 qe, cal (mg/L) k2 × 103 (g/mg min) R2

50 46.361 31.037 0.124 0.905 46.511 25.824 0.990
100 91.650 107.554 0.082 0.961 93.457 2.862 0.992
200 179.080 225.743 0.0314 0.967 204.081 0.163 0.994
300 251.849 296.189 0.0181 0.964 312.566 0.050 0.999
400 286.096 329.310 0.0159 0.944 344.827 0.046 0.999

Table 6
Thermodynamic parameters for MB adsorption onto prepared AACFs at different temperatures

Standard enthalpy  
ΔH° (kJ/mol)

Standard entropy  
ΔS° (kJ/mol K)

Gibbs free energy ΔG° (kJ/mol)

323 (K) 313 (K) 303 (K)

26.57 0.10 –7.52 –6.35 –5.41
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in the structure, leading to the interaction with cationic dye 
molecules.

3.9. Regeneration study

The important feature of an efficient adsorbent is its 
reusability with significant adsorption capacity and the 
regeneration of its original characteristics. The regener-
ation of the active sites on the spent adsorbent is propor-
tional to its stability, which is essential for the industrial 
and large-scale practical applications. This will decrease 
the operational cost of the process as well as minimize the 
secondary pollution [1]. Thus an effective adsorbent must 
show excellent performance in the adsorption as well as in 
desorption processes. The desorption efficiency of produced 
AACFs was shown in Fig. 10. As it can be seen, around 91% 
of methylene blue was desorbed after the first desorption. 
The desorption efficiency of activated carbon was found 
to reduce gradually to 86% after three desorption cycles. 
Thus, it can be proposed that AACF is a stable and reusable 
adsorbent material and can be effectively used in a continu-
ous flow system.

4. Conclusion

This study successfully prepared the acrylic-based ACF 
via stabilization and chemical activation of acrylic fiber. It 

was confirmed that the obtained high surface area AACFs 
were effective in MB elimination from aqueous solution. 
Moreover, it was demonstrated that MB adsorption was 
influenced by the pH of the initial solution and the initial MB 
concentrations. Also, it was found that the experimental data 
could be expressed well by using the Langmuir model, and 
the maximum monolayer adsorption capacity was achieved 
about 324.83 mg/g. According to kinetic data, the pseu-
do-second-order model with the highest value of R2 was the 
best to describe the kinetics of MB adsorption onto AACFs. 
The determination of different thermodynamic parameters 
showed that the MB adsorption onto AACFs was feasible, 
spontaneous, and has endothermic nature. Although the 
pore filling mechanism was the main mechanism of dye 
adsorption on AACFs, the adsorption may have happened 
using hydrogen bonding, n–π interaction, π–π interaction 
and electrostatic interaction. Moreover, high desorption effi-
ciency of 86% was achieved after three desorption cycles. 
According to the obtained results, it can be understood that 
the novel, high-performance reusable fibrous adsorbent 
materials produced in this study offer a great promise for the 
MB removal from industrial effluents, since, with increasing 
the mechanical properties of ACFs, their resistance to fluid 
passage increases and thus their performance improves 
significantly compared with conventional adsorbents.

Symbols

qe — Amount of adsorption at equilibrium, mg/g
C0 — Concentrations of dye at initial, mg/L
Ce — Concentrations of dye at equilibrium, mg/L
V — Volume of the solution, L
W — Mass of dry adsorbent, g
R2 — Correlation coefficient
Δqe — Normalized standard deviation, %
qe,exp —  Experimental values for the amount of dyes 

adsorbed, mg/g
qe,cal —  Calculated values for the amount of dyes 

adsorbed, mg/g
qt — Amount of adsorption at the time t, mg/g
Ct — Concentration of dye at the time t, mg/L
qm —  Maximum monolayer adsorption capacity, mg/g

Fig. 9. Schematic of adsorption mechanisms of MB on AACFs surface through the interactions of (a) hydrogen bonding, (b) n–π 
bonding, and (c) π–π bonding, (d) electrostatic interaction.

Fig. 10. Desorption efficiency of MB from AACFs for three cycles.
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KL — Langmuir isotherm constant, L/mg
RL — Dimensionless equilibrium parameter
n —  Freundlich isotherm constant, heterogeneity 

factor
Kf —  Freundlich isotherm constant, adsorption capac-

ity (mg1–c Lc/g), where c = 1/n
KT — Equilibrium binding constant, L/mg
T — Temperature in Kelvin, K
R — Universal gas constant, 8.314 J/mol K
qs  — Maximum adsorption capacity in D–R isotherm
E — Free energy, kJ/mol
β — D–R isotherm constant, mol2/J2

ε — Adsorption potential
k1 —  Rate constant of pseudo-first-order adsorption, 

min−1

k2 —  Rate constant of pseudo-second-order adsorp-
tion, g/mg min

kd — Distribution coefficient
∆H° — Standard enthalpy, kJ/mol
∆S° — Standard entropy, kJ/mol K
∆G° — Standard Gibbs free energy, kJ/mol
Cdes — Concentration of dye in desorbed phases
Cads — Concentration of dye adsorbed phases
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